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It is known that Fluorine (F) doping and formation of F-vacancy (F V, ) clusters (for n >4, m>1) in silicon (Si) can suppress the
transient self-interstitial mediated diffusion of boron (B). Recent experimental studies have revealed that the concentration of F V
clusters is insignificant, which is in disagreement with results of a number studies. In the present study we use electronic structure
calculations to evaluate the binding energies of F V,_ clusters and V, clusters. Significant binding energies of the V_ clusters reveal that
the concentration of the large F V, clusters is limited if compared to that of V_ or even smaller clusters.
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Binomo, mo pomimku ¢ropy F i Bakancionni knacrepu drop-sanazis F V  (n>4, m>1) B xpemnii (Si) 31aThi ynosinsHOBaTH
IIBUIKOIUIHHHY MiKBYy301bHY 1u(y3ito 60py (B). Henasni nocimimKxenHs ycTaHOBHIIH, IO KOHIIEHTpallis K1acTepis F V € He3HadHOIO,
II0 CYNEPeYuTh pe3yibraraM 0araTboxX TEOPETHYHUX NOCIIPKEeHb. Y pOOOTI MU IPOBOIMMO PO3PAXYHOK €IEKTPOHHOI CTPYKTYpH 3
METOK0 OOYHMCIIEHHs eHeprii 3B'A3Ky kiactepis F V, Ta V . 3Hauni eHepril 38'a3Ky KnacTepis V, CBi4aTh Mpo Te, IO KOHIEHTpALlis
KpynHuX Knactepis F V| oOMexkeHa B MOPiBHAHHI 3 KOHIEHTpai€0 V| i KIacTepiB MEHIIUX PO3MipiB.

Kurouosi cioBa: ¢prop, kpemHil, BakaHcisl, Teopist (DyHKIIOHAIBHOT IUIEHOCTI.

UspectHo, uto mpumecu dropa F m  BakancuonHble Krmactepsl (rop-anamus F V —(n>4, m>1) B kpemuun (Si) crmocoGubI
3aMeUIATh OBICTPONPOTEKAIOLIYI0 MEKIOy3enbHyo muddysuto 6opa (B). HenasHue uccienoBaHus NOKa3aln, YTO KOHLEHTPALHS
KactepoB F V  sBIISETCS HE3HAYHTENBHOM, YTO MPOTHBOPEUUT Pe3ylbTaTaM MHOIMX TCOPETHUCCKUX MCCIeIoBaHuH. B HacTosmelH
paboTe MBI IIPOBOIUM PacdeT MEKTPOHHOM CTPYKTYPHI C B0 BBIYICICHNS YHEPIHH CBA3H KiacTepos F V u V . 3HaunTenbHbIe
SHEPTUH CBSA3M KIACTEpOB V CBUIETENBLCTBYIOT O TOM, YTO KOHIEHTPALWS KPYIHBIX KiacTepos F V. orpanudeHa 1o cpaBHEHHIO ¢

KOHLIEHTPaHUeH V| M KIaCTepOB MEHBUIMX Pa3MEPOB.
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Introduction

Fluorine atoms (F) in silicon (Si) saturate the dangling
bonds of vacancies, which results in formation of FV _
clusters whose presence suppresses the transient enhanced
diffusion of boron (B) ([1-12] and references therein). It has
been determined in previous experimental studies that the
average number of F atoms trapped per vacancy is 2-3 (see
[3,4]). According to the density functional theory (DFT)
predictions, the formation of large F V _ clusters is favoured
because of the energy gain as a result of the vacancy
dangling-bond saturation by F atoms.[8-11] According to
a recent model and interpretation[11] of the stability of the
F V,_, clusters there is no limit on their size and therefore
they are expected to grow until they saturate the dangling
bonds available at a given temperature. However, Bernardi
et al.[5] could not determine a detectable concentration of
F.V,, clusters (for n > 4, m > 1). The results of Bernardi et
al.[5] are consistent with the previous studies supporting
the reduction of B transient enhanced diffusion by the
codoping with F (for example [9] and references therein).
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The impact of V _cluster formation has not been
considered in previous studies attempting to model the
clustering of F atoms with V. Formation of V_ clusters
results in reduction of the number of dangling bonds
(for example a V, pair reduces the dangling bonds to 6
when compared to 8 in the case of two isolated V) and
is energetically favorable.[13] The V_ cluster formation
competes to that of F V_ clusters as they are limiting the
unbound V concentration available for the F atoms to bind.

In the present study we apply DFT to predict the most
stable F.V_and V,_ clusters in Si, whereas mass action
analysis can help explain the discrepancies in literature.

Calculations details
The simulations were performed using the DFT code
CASTEP*® with the Perdew-Burke-Ernzerhof (PBE)
generalized gradient approximation (GGA) functional
[16] and ultrasoft Vanderbilt pseudopotentials [17]. A 64-
site tetragonal diamond structure Si supercell, periodic
boundary conditions and 2x2x2 Monkhorst-Pack [18]
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k-point sampling was used. A plane wave basis with the
energy cutoff of 350 eV was used. The atomic coordinates
and unit-cell parameters were relaxed using energy
minimization. The efficacy of this approach in description
of defect chemistry of semiconductors has been previously
demonstrated [19-21].

Results and discussion

The bandgap of Si has been severely underestimated
due to the inappropriate description of exchange when
local density approximation (LDA) and the Perdew-Wang
functional, PW91, are used [22]. Thus the present study
is focused on uncharged supercell calculations performed
at GGA and PBE levels of theory. This approach allows
obtaining differences in energies less affected by the
systematic errors in the exchange-correlation energy, which
results from an intrinsic error correction capability for a
3D cluster. The condition of charge neutrality of supercells
is fulfilled by assuming mid-gap Fermi level at which the
F V_ clusters should be neutral in charge.

When an interstitial F is positioned in-between two
Si atoms (bond-center position), it forms two covalent
o bonds, releasing one electron to the crystal and in
consequence becoming effectively positively charged for
most conditions [9]. If we assume the tetrahedral position
for the interstitial F, then an electron is needed for the
interstitial F to complete its outer shell. Therefore, the
interstitial F is expected to be negatively charged. Thus we
have found that bond-centred position for the interstitial F is
more energetically favourable than the tetrahedral position.
This conclusion is in a good agreement with the previous
first-principle predictions for F interstitials in Si [9].

Cluster formation can be quantified by calculating the
binding energies. The binding energy, E (F V, Si, )ofnF
atomstom Vto formaF V_cluster in Siis given by:

Eb (FanSiN—n—m) =E ( I:anSiN—n—m ) -
—nE (FSiy_; )—mE (VSiy_, )+ (1)
+(n+m-1)E(Siy)

where E(F V Si, ) is the energy of an N lattice site
supercell (here N = 64) containing N-n-m Si atoms,
n F atoms and m vacancies, E(FSi,) is the energy of a
supercell containing one F and N-1 Si atoms; E(VSi,)
is the energy of a supercell containing one V and N-1 Si
atoms; and E(Si,) is the energy of the N Si atom supercell.
The physical meaning of negative binding energy is that
the F V_ cluster is more stable with respect to n isolated F
and m isolated V. The difference in the binding energy is
the lowest between F,V, and F,V, (-1.75 eV). The energy
change for every added interstitial F exceeds this value (i.e.
-1.75eV) for all the F V_ clusters considered (see Table 1).

Consistently with the previous results (for example
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[11] and references therein) the clusters with all dangling
bonds saturated of the general formula F, .V - (for
example F,\V and F.)V,) exhibit the highest binding
energies. As the bond-centred F interstitials are positively
charged they should repel one another. Consistently with
the previous work [9] we performed calculations for the
clusters in which we assumed a fully relaxed configuration
(i.e. in which the F atoms repel one another). It is worth
noting that such clusters are more energetically favourable
compared to those in which the F atoms are constrained to
the original dangling bond directions (for example the F,V
cluster, refer to fig. 1). The dependence of binding energy
on the number of F and V in a cluster defect is shown in
fig.2 (greater colour intensity means higher bond energy).
Itis evident that not only the increase in the cluster but also
the exchange of F by V results in formation of a cluster
having stronger binding energy.

Fig. 1. (color online) The F,V cluster in the (a) fully
relaxed configuration were the F atoms repel one another
and (b) when the F atoms are constrained to the original
dangling bond directions. Yellow and light blue spheres
represent Si and F atoms respectively, whereas black
spheres represent V.

The relative concentrations of F V_ clusters can be
quantified by applying mass action analysis. [23] Within the
mass action framework, the concentration of F V_ clusters,
i.e. [FV, ], relative to the concentration of unbound F
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atoms, i.e. [F], and the concentration of unbound V, i.e.
[V], is given by
[anm] = exp _Eb ( I:anSiN—n—m ) ?)
[FI'V] KT
where k; is Boltzmann’s constant, T is the temperature and
E, is the binding energy of clusters (given in Table 1).
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Fig. 2. The dependence of binding energy on the number
of Fand V in a cluster defect (greater colour intensity
means higher bond energy).

Eqg. 2 highlights that the formation of the larger
clusters is not only dependent upon the temperature and
the binding energy differences between the clusters, but
also on the relative [F] and [V] concentrations. Using Eq. 2
one can generate a set of equations for F V_ clusters, which
can be solved using the iterative minimisation approach.
The accuracy of description by this method depends on
the accurate determination of the initial V concentration.
The efficacy and assumptions of the presented mass effect
framework in related materials and issues was widely
discussed in our previous papers [24-27].

Interestingly, in a recent related study concerning
F-doped germanium (Ge) the mass effect analysis has
implied that the really large F V_ clusters are never
of significance irrespective of the relative F and V

concentrations [28].

Conversely, smaller clusters such as V,, F,V, and
FV and isolated defects are more populous with their
concentrations depending strongly on temperature [28].
Cluster populations in Si and Ge are expected to be similar
given the analogous F V_binding energies. Therefore, there
is consistency with the work of Bernardi et al. [5] which
could not determine a detectable concentration of FV _
clusters (n>4, m >1). The electronic structure calculations
performed in this paper predict that V_clusters have high
binding energies and can be antagonistic to F V_ clusters,
Table 1, fig 2, because the concentration of the unbounded
V available for the F atoms to bind is limited. Additionally,
the change in binding energy strongly depends on the
number of Fluorine and Vanadium atoms in a cluster defect.
A mass action model proposed in this paper can be applied
to calculate the relative concentration of the V_ and F V
clusters given an initially determined V concentration and
the amount of F implanted in the Ge sample.
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